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A theoretical description of electronic Raman scattering from GaAs/AbGai-^As artificial atoms 
under the influence of an external magnetic field is presented. Raman spectra with laser excitation 
energy in the interval _E gap — 30 meV to E gap are computed in the polarized and depolarized geometry. 
The polarization ratios for the collective and single-particle excitations indicate a breakdown of the 
Raman polarization selection rules once the magnetic field is switched on. A Raman intensity jump 
rule at the band gap is predicted in our calculations. This rule can be a useful tool for identifying 
the physical nature (charge or spin) of the electronic excitations in quantum dots in low magnetic 
fields. 
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The spectrum of electronic excitations of quantum dots 
is, in many cases, required as basic information for de- 
veloping relevant applications. By performing inelastic 
light (Raman) scattering experiments, one can examine 
a whole sector of elementary excitations not accessible 
through photoluminescence or absorption measurements. 
In the 1990s, Raman experiments on GaAs/GaAlAs 
deep-etched quantum dots reported interesting results. 
An overview that summarizes this work can be found in 
Ref. 0. 

Schiiller et alm£ obtained Raman spectra dominated 
by collective excitations by illuminating the samples with 
lasers whose energy values were well (40 meV) above the 
effective band-gap of the dot. Two types of collective 
modes were found; the charge-density excitations (CDEs) 
and the spin-density excitations (SDEs) and these can 
be distinguished by polarization selection rules. CDEs 
are observed when the polarizations of the incident and 
scattered light are parallel to each other (polarized geom- 
etry), while SDEs are detected in a configuration where 
the scattered light polarization is perpendicular to the 
incident one (depolarized geometry). These polarization 
selection rules are obtained in the framework of the off- 
resonant approximation (ORA)4 where the Raman tran- 
sition amplitude is directly determined by the multipolc 
strength functions of the final excited states. The au- 
thors in Ref. Q investigate the limits to the general use 
of the ORA depending on the quantum numbers of the 
final excited states and the characteristic lateral confine- 
ment energy of the quantum dot. For a laser excitation 
energy, hi>i, below band-gap the off-resonant regime is 
only reached for monopolar and quadrupolar modes when 
hvi < £gap — 30 meV 4 . Strong Raman peaks, appear- 
ing in both geometries, when the energy of the incident 
light is quite close to the effective band-gap (extreme 
resonance regime), were interpreted by Lockwood et al£ 
in terms of single-particle excitations (SPEs). More re- 
cently, Brocke et al& reported the first observations of 



a few-electron CDEs in InGaAs self- assembled quantum 
dots by means of Raman spectroscopy. 

In this paper, we compute the near-resonance Raman 
spectrum of a medium-size disk-shaped quantum dot con- 
taining 42 electrons in an external magnetic field applied 
perpendicular to the plane of the dot. The method and 
approximations used to obtain the many-body wave func- 
tions and energies of the required states are explained in 
Ref. 0- Energies and wave-functions of the final ex- 
cited states are obtained by means of the random phase 
approximation 8 (RPA) . The calculation of the monopole 
operator matrix elements between each final state and 
the ground state, allows the identification of the collec- 
tive modes (CDEs, SDEs) and the SPEs. By computing 
the Raman polarization ratios we evaluate the extent to 
which the magnetic field breaks down the polarization se- 
lection rules for both collective and SPEs. We report the 
first observation of what we term the Raman intensity 
jump-rule. This effect, more clearly seen for the collec- 
tive modes, can be enunciated as follows: a monotonic 
increase of a Raman peak intensity when the incident 
laser energy is increased from below up to the effective 
band-gap of the dot in the polarized (depolarized) geom- 
etry indicates that the excited state associated with that 
peak is a charge (spin) excitation. If we look at the same 
state in its opposite geometry, we find quite small values 
of the Raman intensities at any incident energy except 
at the effective band-gap, in which case a sudden jump 
of the Raman intensity should be detected. 

From theory^, we know that the Raman peak inten- 
sity is proportional to the transition amplitude squared, 
\A fl \ 2 , where 

v (f\H+_ r \int){int\H-_ r \i) 
fl ~ hu t - (E int - E t ) + iT mt ' 1 ' 

For simplicity, the initial, intermediate and final quan- 
tized states of the radiation field are not written ex- 
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plicitly. \i), \int) and |/) are, respectively, the ini- 
tial (ground), intermediate and final (excited) electronic 
states of the quantum dot. H e -r is the electron-radiation 
interaction Hamiltonian4, and T int is a phenomenologi- 
cal damping parameter. A consistent calculation of the 
Raman intensity requires reliable approximations to the 
many-particle wave functions i), \int), and |/}. Since 
we are considering incident laser energies {hv{) of the or- 
der of the effective band-gap of the quantum dot, as is 
the case for most experimental work, intermediate states 
with an additional electron in the conduction band and 
one hole in the valence band will be the relevant con- 
tributors to the summation in Eq. Q). The matrix ele- 
ment (int\H~_ r \i) represents the virtual transition from 
the A^e-electron ground state to an intermediate state in 
which an incident photon is annihilated and an electron- 
hole pair is created. The inverse mechanism is described 
by the matrix element (f\H^_ r \int), where the electron- 
hole pair is annihilated and a scattered photon of energy 
hvf < hvi is emitted. 

We modelled our GaAs quantum dot with a disk of 
thickness L = 25 nm. The electron motion in the growth 
direction is confined by a hard wall potential. On the 
other hand, the lateral confining potential is assumed to 
be parabolic with a characteristic energy hujo — 12 meV. 
Hole states in the valence band are found by diagonalizrng 
the Kohn-Luttinger Hamiltonianifi in the presence of an 
external confinement and the 42 electron background. 

We focus on monopolar excitations. This means that 
the total angular momenta of the initial and final states 
are equal. Collective excitations (CDEs, SDEs) corre- 
spond to \f) states giving a significantly nonzero value of 
the matrix clement: 



E 

a,0 



(2) 



where d° a p is the matrix element of the monopole opera- 
tor, defined in Ref. 0. The greek subindices denote the 
orbital part of the HF electronic states, while the spin 
projection is explicitly indicated by the arrow. The plus 
(minus) sign in Eq. © corresponds to the CDEs (SDEs). 

Figure ^ displays the monopolar excitation spectrum 
of the modelled dot in an external magnetic field. CDEs 
(open squares) and SDEs (open triangles), whose con- 
tribution to the energy- weighted sum rules (EWSRs) 7 
exceeds 5 %, are specially indicated. The contribution 
to the EWSR of each collective mode is shown by means 
of the size of the symbols. Charge (SPEs(C)) and spin 
(SPEs(S)) single-particle excitations are also represented 
with long and short horizontal bars, respectively. For the 
CDE mode, one notices two features: i) its energy evolves 
in a smooth way as B is increased, and ii) the square sizes 
do not change with the field. This latter fact indicates 
the strong collective nature of the mode, which concen- 
trates all of the oscillator-strength. Only at B = 5.5 T 
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FIG. 1: (Color online) Monopolar excitation spectrum of the 
dot. 



are there two collective states sharing the whole contri- 
bution to the EWSR. The lowest excitation energies in 
Fig. ^ correspond to the SDEs. One can see at B = 2, 
2.5, and 5.5 T starting points for new SDE bands. The 
lowest energy band shows no significant dependence on 
the magnetic field up to B = 2 T, while at higher fields 
the SDEs follow a quasi-linear dependence. Notice how 
the oscillator-strength of the SDEs, concentrated in one 
state up to 1.5 T, is redistributed between more than 
one mode for higher values of B. SPEs are in between 
the SDEs and the CDE. They are grouped in compact 
bunches of states at low values of B. When B > 3 T a 
more homogeneous distributions of these states is found. 
Notice that the first single-particle excited state (spin or 
charge) is relatively isolated from the rest for any value 
of the magnetic field. 

The Raman spectra we present in this paper are com- 
puted in a backscattering configuration where the inci- 
dent and scattering angles, defined with respect to the 
normal of the dot are fixed at 20°. The incident laser en- 
ergy is measured with respect to the effective band-gap 



of the dot, E„ 



E 



(0) 



Ei 



where 2?S is the lowest 



^gap — ^i nt 

intermediate state energy, and Ei - the ground state en- 
ergy. Each intermediate state entering Eq. satisfies 
the condition Ei nt — E^ nt < hu^o , with /iwlo ~ 30 meV 
being the thrcshhold excitation energy for the sponta- 
neous emission of longitudinal optical phonons in GaAs. 
In this interval, the phenomenological parameter, Tint, 
related to the lifetime of the \int) states, is fixed at 0.5 
meV. For higher excitation energies, the emission of LO 
phonons becomes active and the widths of those states 



3 



6x1 0" H — ° — polarized 
— □ — depolarized 
B = 0T 



_i , I , I , I , I , I , I , I , l_ 



CDE 




(a) 




14 15 16 17 18 19 20 21 22 23 
J i I i I i I i I i I i I i I i l_ 




14 15 16 17 18 19 20 21 22 23 
Raman shift ( meV ) 



FIG. 2: (Color online) Polarized and depolarized Raman 
spectra at B — and 1 T. The incident laser energy is hvi — 



strong perturbing effects of the external magnetic field 
on the Raman polarization selection rules, especially for 
the SDE. 
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should experience a sudden increased. This regime is not 
considered in the present paper. Calculated monopolar 
Raman spectra in both geometries at B — and 1 T are 
shown in Fig. [21 The energy of the incident laser is 2.5 
meV below the band gap. The Raman peaks related to 
the SDE, SPEs and CDE are explicitly indicated. Fig- 
urc|2Ja) reveals an SDE peak which is only visible in the 
depolarized geometry. The situation for the CDE peak 
is completely the opposite; a non-zero Raman intensity 
is only observed in the polarized geometry. However, 
once the magnetic field is switched on this polarization 
selection rule is partially broken. As can be seen in Fig. 
121 b) , non-trivial values of the Raman intensities associ- 
ated with the CDE and SDE are obtained in both geome- 
tries, although the polarized (depolarized) geometry re- 
mains the favorable configuration for detecting the CDE 
(SDE). 

The polarization ratio r of a Raman peak related to 
a charge (collective or single-particle) excitation is de- 
fined by the fraction whose numerator is the squared 
Raman amplitude computed in the depolarized geome- 
try, which is the unfavorable geometry for this mode, 
and the denominator is the squared amplitude in the po- 
larized geometry. For spin excitations the fraction is in- 
verted. At B = 0, the polarization ratios of the CDE and 
SDE are rgf^ T = 3.6 x 1CT 4 and r^=| T = 2.0 x 1CT 7 . 
In a magnetic field of 1 T, the ratios reach the values 
r CDE T = 2 - 8 x 10_2 and r SDE T = 1-7 x 10 _1 . Notice the 



FIG. 3: (Color online) The collective Raman peaks at B 
4.5 T as hvi approaches the band gap. 



SPEs with excitation energies ranging from 16 to 19 
meV are apparent in Fig. [21 At B = and 1 T, the 
SPEs(C) and SPEs(S) are quite close in energy and the 
overlapping intensities make a separate qualitative exper- 
imental analysis difficult. However, we can compute r for 
each SPE. At B = 0, the squared amplitudes of SPEs(C) 
in the depolarized geometry are, on average, three orders 
of magnitude smaller than in the polarized geometry, giv- 
ing an average polarization ratio (r^E(c)) = 3-0 X 10~ 3 . 
This indicates that monopolar Raman peaks related to 
SPE(C) obey, by analogy with the CDEs, a polariza- 
tion selection rule at i? = T. At 5 = 1 T, however, 
the Raman amplitudes exhibit comparable magnitudes 
in both geometries, giving an average polarization ratio, 



B=1T 
SPE(C) 
B=0T 
SPE(S) 



) = 0.26. For the SPEs(S), a transition from 



) = 2.1 x 10~ 4 to (r, 



B=1T 
SPE(S) 



) = 1.1 is found. 



The jump rule is depicted in Fig. [31 We focus on 
the behavior of the Raman peaks linked to the collective 
modes. SDEi labels the lowest spin excitation. Fig. 02a) 
illustrates how the polarized Raman intensities change 
when the energy of the incident laser is increased from 
hv{ = -Egap — 30 meV up to E g&p . A monotonic increase 
of the Raman intensity related to the CDE is appar- 
ent. However, for the SDE we find quite small values 
of the Raman intensities except at the band-gap, where 
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a jump rule picture applies. 
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FIG. 4: (Color online) Squared Raman amplitudes related to 
the (a) CDE and (b) SDEi in the polarized geometry versus 
the external magnetic field. 



a sudden jump in the intensity is observed. Fig. |3fb) 
shows results in the depolarized geometry, the Raman 
peak that experiences a monotonic increase is the SDEi, 
while a jump rule is observed for the CDE. The jump rule 
involves two factors: the character (charge or spin) of 
the electronic excitation associated with a given Raman 
peak, and the polarization in which the Raman intensity 
is computed (or measured). 

It is useful to examine the validity of the jump rule at 
different magnetic field values. Fig. 0]shows the variation 
of the Raman intensities of the CDE and SDEi with the 
magnetic field in the polarized geometry. Results are 
shown for several values of the incident light energy. A 
monotonic dependence of the CDE Raman intensity is 
observed. For the SDEi, a jump rule picture is obtained 
at any field value except at B = 2.5, 3.0 and 5.0 T. 
Notice at B = T that the conventional polarization 
selection rules are fulfilled independently of the incident 
laser energy. 

In Fig. we present a similar analysis for the Raman 
intensities associated with the SPE(C)i and SPE(S)i. 
From an experimental point of view, the Raman peaks 
related to these single-particle excited states, which are 
relatively isolated from the others, can in principle, be 
followed as a function of the magnetic field. Notice in 
Fig. |SJa) that the Raman intensities vary strongly when 
the magnetic field is changed, and the monotonic increase 
as a function of the laser energy. On the other hand, for 
the SPE(S)i, we find two magnetic field intervals where 
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FIG. 5: (Color online) The same as Fig. 2] but for the (a) 
SPE(C)i and (b) SPE(S)i peaks. 



The Raman intensity jump rule results from the break- 
down of the polarization selection rules at the band gap 
excitation, where the ORA is no longer valid. We have 
examined this interesting effect as a function of the ex- 
ternal magnetic field for all monopolar modes. For low 
values of B ranging from 0.5 to 2.0 T the rule is always 
obeyed for all the excitations and it would be very in- 
teresting to test it experimentally. For certain limited 
values of B > 2.5 T the jump rule collapses as shown 
for example in Fig. 0]and Fig. [S] However the magnetic 
field values where this happens can vary depending on the 
particular mode. The reason why the Raman intensity 
jump rule collapses at specific values of the magnetic field 
is related to changes in the properties of the quantum dot 
electronic ground and excited states that are manifested 
in small values of the Raman matrix elements in associ- 
ation with cancellation effects in Eq. (Q. Doubtlessly 
this point deserves further theoretical and experimental 
analysis. The Raman intensity jump rule is not universal 
with respect to the external magnetic field at higher field 
values but it can be a useful tool for identifying the spin 
or charge nature of the electronic excitations in quantum 
dots. 
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